The uptake of tritiated nikkomycin Z, a potent inhibitor of chitin synthetase, is mediated by a peptide transport system in Candida albicans. Kinetic transport assays with radioactive di-and tripeptides and competition studies suggest that two distinct systems operate in this yeast. Nikkomycin Z was transported through one of these systems, common to di-and tripeptides. A peptide transport-deficient mutant was isolated on the basis of its resistance to nikkomycin Z. The mutant lost most of its capacity to take up dipeptides but simultaneously increased its ability to transport tripeptides. These results indicate that C. albicans handles peptides through multiple transport systems and adjusts their expression to environmental conditions.
The uptake of tritiated nikkomycin Z, a potent inhibitor of chitin synthetase, is mediated by a peptide transport system in Candida albicans. Kinetic transport assays with radioactive di-and tripeptides and competition studies suggest that two distinct systems operate in this yeast. Nikkomycin Z was transported through one of these systems, common to di-and tripeptides. A peptide transport-deficient mutant was isolated on the basis of its resistance to nikkomycin Z. The mutant lost most of its capacity to take up dipeptides but simultaneously increased its ability to transport tripeptides. These results indicate that C. albicans handles peptides through multiple transport systems and adjusts their expression to environmental conditions. The pathogenic yeast Candida albicans can take up oligopeptides through active transport systems the general characteristics of which have been studied by different authors (8, 13, 17) . Lichliter et al. (12) first proposed to use these systems to deliver toxic compounds into the cell. Among antifungal agents of natural origin, polyoxins and nikkomycins are interesting substances in that they possess a peptide backbone and are therefore susceptible to be actively taken up through peptide transport systems. These peptidyl nucleoside molecules inhibit chitin synthetase from fungi and insects and are not toxic to mammalian cells (1). Recently, Naider et al. (15) synthesized tripeptidyl polyoxins that enter C. albicans in an inactive form through peptide transport systems and inhibit the target enzyme after metabolization to free polyoxin inside the cell. As a consequence, one could expect peptides to compete with these drugs and protect the cell against their toxic effects; indeed, it has been demonstrated that polyoxins are almost completely inactive in rich media containing peptides (4, 14) . However, we observed that the closely related substance nikkomycin Z was fully active in rich (peptone) media as well as in minimal media. We therefore synthesized tritiated nikkomycin Z to study its uptake and we report here that C. albicans does utilize a peptide transport system for its uptake.
We isolated a nikkomycin-resistant mutant deficient in dipeptide uptake which simultaneously increased its capacity to take up tripeptides. These observations and kinetic studies point out the multiplicity and adaptability of the peptide transport systems in C. albicans.
MATERIALS AND METHODS Organism, culture, and peptide transport conditions. C. albicans ATCC 26278 was cultivated at 37°C to the early exponential phase from either yeast extract-peptone-glucose (YEPG) liquid medium or the minimal liquid medium described by Logan et al. (13) with isoleucine as the nitrogen source and glucose as the carbon and energy source. The transport conditions have been previously described (17) . Initial rates of uptake are expressed as picomoles of peptide transported per minute and are normalized to a cell density of one Klett unit (105 cells ml-').
Sensitivity tests to toxic peptides. Sensitivity to the peptidyl * Corresponding author. 884 nucleoside antibiotics and bacilysin was assayed by two methods.
(i) Cells were grown in YEPG liquid or minimal liquid media to the early exponential phase and appropriately diluted to 0.5 x 106 to 1 x 106 cells ml-1. One milliliter of the suspensions was then used to inoculate YEPG or minimal agar plates. The plates were held at 37°C for 1 h; then 10 ,u of test solution at various concentrations was added to 7-mmdiameter paper disks which were placed on the surface of seeded agar plates. The plates were then incubated at 37°C for 24 to 48 h, after which the diameter of the inhibition zone was measured.
(ii) Cells were harvested from liquid media as described above and appropriately diluted for use as inoculum for microtiter plates. YEPG or minimal liquid medium (100 RI) was added in each well, followed by 100 ,u of antibiotic solutions in the first well. The microtiter plates were incubated at 37°C for 12 h in YEPG medium and for 24 to 36 h in minimal medium. The MIC was the lowest concentration of the drug that produced no visible growth in the wells. However, cells with extensive structural alterations identical to those described by Becker et al. (4) p.g ml-' presented extensive morphological changes when observed under a light microscope (see above). These results were confirmed by using rich and minimal solid (agar) media containing these two antibiotics (data not shown). The toxic effect of polyoxin D is blocked in media containing peptides which can compete with the drug for a common transport system, as suggested by different authors (1, 4). Our results confirm these observations with polyoxin D. However, the closely related substance nikkomycin Z was still active in a peptone-containing medium, although it did utilize a peptide transport system to enter the cell in this medium (see below).
Isolation of a peptide transport-deficient mutant of C. albicans. We isolated a peptide transport-deficient mutant of C. albicans on the basis of its resistance to nikkomycin Z on YEPG medium (see above). The Nik mutant was resistant to concentrations of nikkomycin Z up to 500 p,g ml-1, as compared with 5 ,ug ml-' for the wild type. The Nik mutant was simultaneously resistant to bacilysin concentrations up to 400 ,ug ml-' in YEPG (10 ,ug ml-' for the wild type). The dipeptide is toxic to C. albicans (and to some bacteria as well) after transport inside the cell and enzymatic cleavage to L-alanine and anticapsine, the latter compound being a potent inhibitor of bacterial and fungal glucosamine synthetase (7, 10) . The simultaneous resistance of C. albicans ATCC 26278 Nik to such different drugs was therefore presumably due to the lack of a common transport system, most probably a general peptide transport system. The Nik wild type (80 min) in YEPG liquid medium at 37°C. Such a difference is not surprising since the lack of a peptide transport is an unfavorable nutritional event in a peptonecontaining medium.
Transport of radioactive nikkomycin Z and methionyl peptides in C. albicans. Nikkomycin Z is equally toxic in rich and minimal media to C. albicans ATCC 26278 (see above). We therefore synthesized [3H]nikkomycin Z to study its uptake in cells grown from either medium. The dependence of the rate of uptake of the radioactive peptide on its external concentration was essentially similar in cells grown from rich and minimal media (i.e., similar Km and Vmax) ( Table 1) .
As nikkomycin Z uptake was expected to be mediated through a peptide transport system in rich medium in the wild type but not in the Nik mutant, we decided to compare their abilities to transport peptides. We therefore studied the characteristics of uptake of 14C-labeled di-and trimethionine as compared with those of [3H]nikkomycin Z in the parent and Nik mutant.
The Nik mutant lost most of its capacity to take up both nikkomycin Z and dimethionine as compared with the wildtype (Fig. 1A) . Nikkomycin Z residual uptake in the mutant was probably mediated by a diffusion process since metabolic inhibitors such as 1 mM sodium azide or 2,4-dinitrophenol had no significant effect on the uptake rate of 10- Interestingly, apparent Km values for dipeptides nikkomycin Z and dimethionine were similar in the wild type, but maximum rates of uptake differed by a factor of 25-fold in favor of dimethionine (Table 1) .
A somewhat surprising observation was the considerable enhancement of [14C]trimethionine uptake in the Nik mutant as compared with the parent strain (Fig. 1B) . LineweaverBurk plots of the data (Table 1) indicate that the two transport systems are probably very different from each other, the Nik mutant system being especially efficient at high external concentrations of trimethionine (>10 ixM).
Furthermore, dimethionine residual uptake in the Nik mutant (Fig. 1A) was probably mediated through the trimethionine transport system since 10-4 M trimethionine totally inhibited 10-6 M dimethionine uptake in the Nik mutant (Table 2) . One might argue that the apparent increase of trimethionine uptake is in fact due to the expression of a peptidase activity (extracellular, periplasmic, or membrane bound) in the Nik mutant. Under these conditions, di-and (Fig. 1A and B) . However, one cannot exclude the possibility of a specific tripeptidase as postulated in different models (5, 16) .
To analyze further the characteristics of the peptide transport system, we undertook competition experiments with nikkomycin Z and trimethionine in the wild-type C.
albicans.
Competition studies. Experiments were conducted in which nikkomycin Z was used as an inhibitor of [14C]trimethionine uptake and trimethionine was used as an inhibitor of [3H]nikkomycin Z uptake in the wild-type C. albicans. Figure 2 shows the inhibitory effect of nikkomycin Z upon entry of radioactive trimethionine. The two curves coincide at a -[nikkomycin Z] value of 20 ,uM (Ki), which is fivefold greater than the Km value for nikkomycin Z uptake (Table 1) . This and the deviation from linearity observed at high concentrations of nikkomycin Z together can be accounted for by the occurrence of two (or more) distinct transport systems for trimethionine. The competition between nikkomycin Z and trimethionine for only one of them should give rise to such Dixon plots.
It should be possible to infer the characteristics of the common system from the second set of experiments shown in Fig. 3 . In this situation, trimethionine inhibition of radioactive nikkomycin Z uptake is clearly competitive, with an apparent Ki value of 1.5 ,uM, which is close to the Km for trimethionine uptake in the wild type (Table 1) .
Finally, the common peptide transport of the wild type described above probably handles dimethionine as well (Table 2) . A 100-fold molar excess of dimethionine inhibited nikkomycin Z uptake by 90% (and reciprocally). Interestingly, polyoxin D only slightly reduced the rate of entry of nikkomycin Z under the same conditions. This suggests that polyoxin D has a low affinity for this peptide transport system. DISCUSSION
The enteric bacteria Salmonella typhimurium and Escherichia coli can take up a wide variety of peptides of nutrition-PEPTIDE TRANSPORT IN C. ALBICANS 887 al importance through genetically distinct systems (16) . The first protein component of a peptide transport system has been recently identified in E. coli and S. typhimurium as a periplasmic binding protein (9) . The broad substrate specificities observed for bacterial permeases have enabled several authors to utilize peptides as carriers for numerous toxic compounds (2, 3, 6, 16) . Less information is available about peptide transport in yeasts and fungi. However, several conjugates of peptide and toxic molecules have been successfully used recently against the pathogenic yeast C. albicans (11, 15, 18, 19) . The general characteristics of the peptide permeases seem to vary to some extent from strain to strain in C. albicans and Saccharomyces cerevisiae (5, 8, 13, 17) . Unlike bacteria, little is known about the nature and structural specificities of these transport systems in yeasts. Logan et al. (13) suggested that di-and tripeptide enter C. albicans through separate systems. However, Davies (8) provided some evidence for a common permease for di-and tripeptides.
The results of this study show that C. albicans ATCC 26278 handles peptides through at least two distinct transport systems. One of them probably mediates natural di-and tripeptide uptake with comparable efficiencies. Nikkomycin Z, a potent inhibitor of chitin synthetase, inactivates the target enzyme after transport inside the cell through this system. Polyoxin D only slightly inhibits nikkomycin Z uptake, indicating a low affinity for this trap.port system.
Recently, Shenbagamurthi et al. (18) demqnstrated that polyoxin D and several derivatives had a very low affinity for the trimethionine transport system in C. albicans H-317. Our results are consistent with this observation since trimethionine but not polyoxin D inhibited nikkomycin Z uptake in C. albicans ATCC 26278. The characteristics of polyoxin uptake therefore remain to be established.
A second transport system presumably mediates trimethionine uptake in C. albicans, as inferred from the following evidence. High concentrations of nikkomycin Z cannot totally inhibit trimethionine uptake, and nikkomycin Z exhibits a Ki value for competition towards trimethionine entry fivefold higher than expected on the basis of a single [TRIMETHIONINE] transport system for both peptides. It must be emphasized that if trimethionine uptake is indeed mediated through multiple transport systems, the Km value calculated assuming a single transport system is only an apparent value. However, the affinity of trimethionine for these systems might be of the same order of magnitude since the apparent Km value is close to the Ki value. Finally, whereas nikkomycin Z is taken up with similar kinetic characteristics in rich and minimal media (Table 1) , the affinity of trimethionine for its transport systems is significantly higher in cells harvested from a rich medium (apparent Ki,, 4 p.M; this study) than from a minimal medium (apparent Ki,, 55 ,uM; 17). The undefined nature of the rich medium makes it difficult to explain the observed differences in affinities. We are currently investigating the role of the nitrogen source on peptide transport activity, the importance of which has been emphasized by different authors (5) .
We have isolated a nikkomycin-resistant mutant of C. albicans ATCC 26278 (Nik Mutant) and demonstrated its simultaneous resistance to another toxic peptide, bacilysin. Its ability to take up the dipeptides nikkomycin Z and dimethionine is considerably lower than that of the wild type. Nikkomycin Z residual uptake in the Nik mutant is probably mainly a diffusion-controlled process which must also operate in the wild-type cells. Surprisingly, trimethionine uptake is markedly increased in the Nik mutant in comparison with the wild type. This unexpected phenomenon can be accounted for by the necessity to maintain a sufficient level of peptide transport activity in a medium in which peptides are the main nitrogen source. We suggest that the Nik mutant lacks the general peptide transport system of the wild type but still satisfies its nutritional requirements by developing a transport system more specific to oligopeptides. Although the molecular basis of this complex behavior is still obscure, our results provide the first example of such an adaptive response in peptide transport ability in microorganisms.
Such an appropriate response to toxic peptides in C. albicans should be kept in mind if one intends to successfully utilize peptide vectors of toxic drugs in this pathogenic yeast. Naider et al. and Shenbagamurthi et al. (15, 18) recently synthesized several peptidyl analogs of polyoxins. Some of them were found to be active in relatively high doses against C. albicans. Taking into account our observations, we suggest that nikkomycin and tripeptidyl derivatives of nikkomycin should prove useful for inhibition of both wild-type and dipeptide transport-deficient mutants of C. albicans.
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